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TRANSITIONM! MACH3.1
ByPaulF. Brinich
SUMMARY
Theeffectofleading-edgeometryontransitionposition,
recovery-factordistribution,boundary-layerprofile,andtheroughness
reqtiedto inducetransitionhasbeeninvestigatedatMch 3.1fora
hollowcylinderaltiedwiththeairstream.Theeffectof surface-heat
conductivityy ontherecovery-temperaturedistributionwasalsostudied.
;
G A largedownstreamdisplacementofthetransitionpointandan in-
> creaseinrecoveryfactorwerenotedwhena”sharpleadingedgewasvery
slightlyblunted.Theseeffectswereattributedtotheformationofan
tiviscidshearlayernearthesurfacecausedby thecurvatureofthe ,
leading-edgeshock.Theboundarylayerthusdevelopsina regionof
lowerMachnumberexisttigwithinthisshock-producedshearlayer.The
delay@ transitionispredominantlyan effectofa Reynoldsnumberre-
duction@thinthereducedvelocityregionoftheiwiscidshearlayer.
A stiU largerdownstreamdisplac@nentofthetransitionpointwasob-
servedforan exbernslllybeveledleadingedge.Thiseffectisonly
part- =z?ktiedby theReynoltinunber eductionwitlxlnthetiviscid
shearlayercausedby theleading-edgeobliqueshock.
A studyoftheeffectof singleroughnesselemeqtsontxzmsition
showedt,htslightincreasesinleaiihg-edgebluntnessincreasedthe
rou@nessrequiredto tiducetransitionwhentransitionwasrelativel.y
farfromtheelement.Whentransitionwasnearertheelement,thebe-
haviorwasreversed.
Studiesof surface-temperaturedistributionsonmodelshavingvari-
oussm’face-heatconductivitiestidicatedthatsurface-heat-conduction
effectscouldonlypartiallyaccountfortheprematuretemperatureise
aheadofthetransitionpoint.
—.—...- —-— —— -— ————-
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INTRODUCTION
Researchontransitionfromlaminartoturbulentflowsatlowspeeds
hasbeendistinguishedby considembledifficultyinachievinga working
relationbetweenexpeznbnenta dtheory.At highspeedsthesedifficul-
tieshavebeenaccentuatedby ticreasedcomplexityoftheflowandby,
instrumentationbstacles.Manyoftheproblemspresentlyencountered
athighspeeds,however,resultfroman ticompletknowledgeofnewpa-
rameterswhichmaybe importantforanunderstandingofactualboundary-
la.yerflows.Onesuchparameteristheleading-edgethicknessonan
aerodynamicbody,whetheritbe a flatplate,a wing,ora fuselagenose.
Theeffectofleading-edgethicknessonthetransitionpetitis
notedinreferences1 and2,whereitisshownthatslightincreasesin
thebluntnessofthesharplea&ngedgeofa hollowcylinderalinedtith
theairstreamatMach3.1delayedtheappe’&ranceoftransition.Studies
ofleading-edgebluntness(ref.3)whichhavebeenmadeonflat-wingsur-
facesatl&ch4.0alsoconfirmthebeneficialeffectofbluntnesson
transitionlocation.A detailedstudyofthiseffectona cylinderat
Mach3.1wastheprimaryobjectiveofthisreport.Variousother
leading-edgemodificationsmre alsostudiedtiorderto obtainanunder-
stantigofthemechanismoftransitiondelay.
Theleaithg-edgethicknessisnottheonlygeometricvariation
whichcontrolstransitialocation.Theeffectofan externalbevelat
theleadingedgeofa cylinderhasbeenfoundtodispl.acethetransition
1
pointdownstream(refs.4 and5 . A s~ effecthasbeenfoundfor
conecylindricalbodies(ref.6 andthisresulthasbeenwidelyreported.
h viewoftheseobsenations,a detemdnationofwhateffectheinter-
nalangleoftheleadimgedgehasonthelocationofthetransition
petitwouldbe of interest.
b contrastothelargeeffectoftheleadingedgeontransitim,
itseffectontheUminar-boundary-layerd velopmentmayseemsmalland
Udmportant. Severalinvestigationsftheeffectofleading-edgethick-
nessontheI_amdnar-boundary-layerdevelopmenthavebeenmade(refs.1
and7). An increaseintheboundary-layerthicknessforincreasing
leading-edgethicbessesisshownh thesereferences,andinreference1
a sihrmltsneouseffectonthetransitionpointisnoted.Theeffectof
severaleading-edgeconfigurationsonthelsm3nar-boundary-la erpro-
fileneartheleadingedgewasinvestigatedhereti.
Theeffectof single-roughnesslementsonthepositionoftransi-
tionwasinvestigatedinreference8 fora cylindricalmodelhavinga
leading-edgethicknessof0.006tich.Presentlmowledgeshowsthata
leadhgedgewitha thiclmessof suchproportionshasa considerable
effectonthelocation’ofthetransitionpoint.Thisnaturallyraises
a questionaboutthequantitativer sultsofreference8 andnecessitates ~
.
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a recheckofther&ghnessresultswiththeuseofa moreideallysharp
leadingedge.A briefcheckoftheeffectofroughnessusingoneofthe
elementstestedinreference8 witha sharperleadingedgewasmade,and
theresultsofthM testcompX1.sethesecondpartofthisreport.
Thethirdpartofthisreport~cludestheinterpretationof
surface-teqeraturedistributionsintheneighborhoodftransition.
It isconcludedinreference2 thata sdstantialpartofthesurface-
temperatureiseaheadofthetransitionpointcouldbe accountedfor
by heatconductionalongthesurfaceofthecy~der. As a further
checkonthishypothesis,additionaltestshavebem madeusingmodels
witheffectiveconductivitiesapproximately30ttieslessand30thes
greaterthanthoseusedinreference2. Fromtheselatterteststhe
validityoftheconclusionreachedinreference2 couldpossiblybe
ascertained.
Jnadditiontothesethreesubjects,theeffectofstagnation-
temperaturevariationsontransitiona dtempe&hredistributionwiU
be reported.Theexpertintalresultsreportedhereinwereobtainedon
hollowcylindricalmdels alinedwiththeairstream.AU testswere
conductedh theIJACALewis1-by l-footvariableRemoldsngmbertunnel
atMach3.1andfora Reynoldsn&ber range
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The followlng symbols areusedinthis
pressurecoefficient,(p- p=)~%
oflxl.o~-to 7XL05perhch.
report:
convectiveheat-transferrate,q/(Tv- Td)
%2
conductionp
T
ammeter,~ ~
s f
heightofroughnesselement,h.
conductivity ofmodelsurface
staticpressure
rateofheatflowperunitarea
free-streamdynamicpressure,;(p=u~)
gasconstsnt
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free-streamtransitionReynoldsnumber,~
-
‘=%,0free-streamtransitionReynoldsnuuiberwithoutroughness,~
w
temperature,%
thiclmessofmodelshell,in.
velocity
unitReynoldsnumber
distancefrm lead5ngedge,h.
normaldistanceabovesurface,in.
dimensionlessvelocity,u/~
boundary-lsyerthickness,in.
displacementthicknessatroughnesselement,h.
free-streamrecoveryfactor,
q-TOa
To - Tm
Tw - Tad
dimensionlesstemperatureatio,Tf - Tad
MJlematicviscosity
dimensionlessdistance,x/xf
density
Subscripts:
ad adiabaticlamharvalue
f downstreamextremi~ofhdnar boundarykyer
k conditionsat
t conditionsat
w
roughnesselement
transitionpetit
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o sta~tion conditions
1 conditionsh thelowReynoldsnuniberlayer
w free-streamconditions
APPARATUSm PROCEDURE
ModelsandWtrumentation
Thecylindricalmodel,withwhichthemajorityofthedatainthis
reportwereobtained,isthesamemodelasdescribedh reference2,
withtheexceptionofcertativariationsintheleading-edgecmetry.
Constructiondetailsaxegiveninfigure1. Theouter-shellmaterial
is18-8stainlesssteel.Inadditiontotheleadingedgeshown,several
otherleading-edgeshapeswerealsoused.
Sectionsofthevariousleadingedgesareshowninfigume2. The
same5°leadingedgeincludedh figure1 isshowninfigure2(a),but
itisblunted.Theleadingedgewasbluntedby cuttingitbackperpen-
diculartotheoutsidesurface,resultingh leading-edgethicknesses
of0.0008,0.M128,O.~, 0.008,0.016,and0.043inch.Figure2(b)
showsa leadingedgehavinga 30°internalbevel,andfigure2{c),one
havinga 30°externalbevel.Thelattertwoedgeseachhadthicknesses
ofabout0.001tich.
Thecomer-shelledmodelwhichwasusedto &tidtheeffectoflarge
surfaceconductivitieswasverysimilartothestainless-steelmodelof
figure1, excepthata coppershell.witha O.030-tichthicknessreplaced
thestainless-steelshell.TheFiberglasplasticmodel,however,dif-
feredinconstructionfromtheothersh thata Fiberglasplasticshell
witha O.09-tichthicknesshavingthesameoutsidediameterasthemetal
shelLswasusedforthe‘exteriorsuxface.ThisouterinsulatingshelJ_
wasseparatedfromthetier steelsupportingshellbya O.06-inchair
gapmatitainedby 30rods,eachwitha O.06-inchdismeterjly3nglength-
wiseonthetier shellandequallyspacedaboutthecircumference.A
sectionshowingconstructimdetailsispresentedh figure3. Scane
mechanicalmodtPicationtotheleading-edged signwasrequtied,butthe
externalshapeofthemodelwasleftunchanged.
Thermocoupleandstatic-pressureinstrumentationontheexternal
surfaceofthemdel isshownforthestaimless-steelmodelimfigureL
Stainless-steel- constantanthermocoupleswereformedby soft-soldertig
constantanwireintosmaU holestithesurface.Thecoppermodelhad
no static-pressureinstrumentation,butithadthermocoupleinstrumen-
tationatthesameorlsrgerintervalsas thestainless-steelmodel.
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Thermocouplesforthisnmdelwereformedof copper-constant~wire
junctionssoft-solderedtitosmallholesinthesurface.Likethe COp-
pernmdel,theFiberglashellhadonlythermocoupleinstrumentation,
butspacedat smallerintervalsof1/4to 1 inchinorderto sensemore
abrupt ~eraturechanges.Iron-constantanhermocoupleswereimbedded
b a 0.06-inch-diameterballof silversolder,cementedintothesur-
face,andftiishedoffflush.
Thesurfacefinishesofthestainless-steelandcoppermodelswere
ofuniformquslityandtypicalof smoothlypolishedsheetmetal.The %“al
FibergLasplasticmodel,ontheotherhand,hadnumerous~ace defects m
duetotheinhomogeneousstructureoftheFiberglasmaterial.Surface
ftiishesonthethreemodelsweremeasuredwitha surfaceindicator
equippedwitha 0.0004-inch-radiusstylus.Thisinstrmnent~ve the
followingaveragepeak-to-valleydistancesofthesurfacein question:
Outer-shell Surfaceftiish,
material ~ in.
Stainiesssteel 10 I
copper 18
Fiberglas 75
plastic
Tn connectionwithvariationsinleading-edgeometry,another
methodofproducinga curved-typeshock{characteristicofa blunted
leadingedge)wasdesired.Themethodusedtoproducesucha shockwas
tovarytheamcmntof spillageattheleadinge e bymanipulatinga
Yconicalplugattheexitofthecylinder(fig.1 .
Forthebriefroughnessstudyimcludedinthisreport,a single
brasswirewitha 0.052-inchdiametergirdedthemcdelat1.25,2.5,or
5 inchesfromtheleadingedge.
Surfacetemperatureswereobtatiedbyreadingtheelectrical.outputs
ofthemodelthem.ocouplesona self-balancingpotenticnneterhavtiga
fall-scaledeflectionof1 millivolt.Mostofthepotentiometerreadhgs
weremademanpally;however,a digitalconverterwithautomaticcycling
andpunch-taperecordingequipmentwasusedtowardtheendofthetest
programto obtainthetemperaturedistributionwithgreaterease.
Boundary-layerprofileswereobtainedfromtotal-pressuremeasure-
mentsmadewithahoundary-ls.yer-typepitottubehavtiga tipflattened
to0.007x0.06tich.!I!heposition=accuracyofthepitottubeises-
thr!atedtobe@.0005tichonthebasisofrepeatabilityof certain
lmownmeasurements.
——— —.—
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Therelativeaccuracybetweenindividualtemperaturem asurements
foranyonetemperaturedistributionisestimatedtobewithindJ/4°F.
The~ ticonsistencyintemperaturem asurementsobe presented
occurredonthecoppermodelwherereferencetemperatureswereapproxi-
mately2+0F belowthoseobtainedonthestainless-steelandFiberglas
plasticmodel.Theseinaccuracies,itshouldbenoted,affectonlythe
computedrecoveryfactorsandintroduceno errorinthedeterminationof
thetransitionpoint.
Modelandtunnel-wallstaticpressuresweremeasuredonbutyl
phtha.latedifferentialmanmetersto anaccuracyof@.002 poundper
squareinch.Sta&tionpressuresinthesettlingchamberwereobtatied
to anaccuracyofatleast@.05 poundpersquareinch.Boundary-layer
pitotreadtigsobtainedwithmercurymanometersweregenerallyaccurate
to@.02 poundpersquareMch. Thetrendofmeasurementsnearthewzdd.,
particularlyatlowtunnelpressures,however,indicatesthatthelatter
figuremaybe tcaoptimisticina fewinstances.
WindTunnelandTestConditions
ThemodelwastestedintheNACALewis1-by l-foot,variableReyu-
oldsnuder,supersonicwindtunnelatMach3.1;thisisthessmetest
facilityusedinreferences2 and8. Theturbulentintensityforthe
presentestsshouldnot,therefore,wry appreciablyfromthevalue
giveninreferences2 and8.
MostofthetestswereconductedatunitReynoldsnumbersU/v=
ofabout6.7,3.5,1.9,aud1.0K105perinch.Stagnationtemperatures
weremaintainedat48°to 64°F exceptforonehigh-temperaturerunat
176°F. In orderto obtaintheseunitReynoldsnuuibers,tagnation
pressureswerevsriedbetween50and7 poundspersqyareinchabsolute.
Surfacetemperaturesandstaticpressuresweremeasuredalongthebottm
ofthemodelonly.
Themethodstobe usedinthisinvestigationfordeftiingthetran-
sitionpointinvolvethemeasurementof surfacetemperatureandschlieren
photo~aphytithshort-durationexposures.Bothofthesemethodsarein
currentuseforthestudyofhigh-speedboundarylayersbecausetheyare
convenientanddonotaffectheflowthatisbeinginvestigated.
A difficultyarisesh theuseofthesurface-temperaturemethod
fordeftiingtransition,however.Theassumptionusedinthepresent
reportandinreferences2 and8 isthatthetransitionpoint,orwhat
maybe calleda pointofspecial.significanceinthetransitionprocess,
occursat ornearthepeaksurfacetemperatureexistingbetweenthe
I_amlnar-andturbulent-flowregions.Anotherandperhapsa morewidely
——. _—.— . . . .
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acceptedviewisto definethebeginningofthetransitionregionrather
ratherthansomepointwithtithatregion(cf.,refs.6,9,and10).
Thisisdonebynotingatwhatpointthesurfacetemperaturefirstrises
abovethelsminarecove~value(pr&ided,of couse,thatthemodelis
tistited].Thatsucha procedureisnotalwayspossibleisdemon&rated
h reference8,wherea contfiuuusl.yvariabletemperaturewhichneverdid
reachthelowvaluecharacteristicoftheMndnarboun@ layerW’aS ob-
served.TheprimaryjustificationforUS* thepeaktanperaturem thod,
however,isthatthetransitionpointsodefined,atleastforthecase
ofthecy14ndertestsmadeto date,actuallycorrespondsto themean
transitionpetitshownby theschlierenphotographs.
RESUIZSANDDISCUSSION
Leatig-EdgeEffect
Leading-edge thiclmess.- Theeffectofleading-edgethiclmesson
therecovery-factordistributionisshowninfi~e 4 fora 5°titernal-
beveledleadingedge.Theoutershellonwhichthetemperatureswere
meaauredwasmadeofthtistainlesssteel.Unlessstatedto thecon-
trary,alJtemperaturem asuranentsinthisreportweretakenwiththe
stainless-steelshellratherthanthecopperorFiberglas-plasticshells.
Recovery-factordistributionsszepresentedforfiveleading-edgethick-
nesses,0.0008,0.0028,0.005,0.008,and0.043inch,andforfourvalu-
es offree-stresmReynoldsnuttiber.Pressuredistributionsarealso
shownforthreeoftheleadhg-edgethicknesses.
Twoeffectsofleading-edgethiclmessarenoteworthyinfigure4.
Theftististhatthetransitionpoints(temperaturemsxhumsbetween
theMminsrandturbulentregions,indicatedby crosses)aredisplaced
downstreamwithincreasesinleading-edgethiclmessfromO.0008to 0.008
tich. FurtherticreasesinleaMng-edgethiclmessto 0.043tichpro-
ducedonlya veryminorchangeb trsmitionposition.Otherdataob-
tatiedwitha 0.016-inchleadingedge,butnotincludedh figure4 be-
causeofan errorh measuringthecold-junctiontemperature.,showed
transitionatthessmepositionsnotedforthe0.008-and0.043-tich
leadingedges.
Thesecondeffectisthegrdial.riseoftherecoveryfactor3nthe
lamlnaregionwithticreasesh leading-edgethiclmess.Thisriseis
notMmited(asthetransition-petitmovementwas)tovaluesofleading-
edgethiclmesslesstham0.008inch,butcontinueswithticreasesin
leading-edgethickness.tifact,forthe0.043-inchleadingedgean
appreciableticreaseintheturbulentrecoveryfactoralsoappears.
Sanediscrepsmciesintherecovery-factorincreasewithleading-
edgethiclmessareapparentinfigure4. Forexsmple,the0.005-tich
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edgesometiesshowsan initialrecoveqfactor
inchedge.Thislargelyresultsfmm obtatitig
andO.0028-tichleadingedgeona rebuiltmodel
9
higherthantheO.C08-
thedataforthe0.005-
ata laterdate,usimz
modified
of0.005
1.+ F.
perature
The
pressure
instrumentationa dtechniques.RecovW-factordiscrepanci&
appeartobe involved,whi& mesnstemperatureerrorsof*out
Thesediscrepanciesinnowayaffecthelocationofthetem-
pesksusedindeterminingthetransitimposition.
pressuredistributions”offigure4 indicatea fairl.yconstant
alongthecylinder.A slightperturbationfthepressureco-
efficientisapparentataboutan x of18 ibmhes,causedby there-
flectedleading-edgeshockfromthe0.008-andO.043-inchleadlngedges.
Thisperturbationisalsoevidentintheturbulentrecoveryfactors,
particularlyfortheO.043-tichleadingedge!.
lhternallybeveledleadingedge.- Inorderto determ3newhether
theinternalbevelangleoftheleadhgedgehada significanteffect
ontransition(e.g.,by causingflowaroundtheleadingedgeorchanging
theheattransferthere),a ratherextremebevelangleof 30°(lessthan
thedetachmentangle) witha leading-edgethicknessof0.001inch(shown
infig.2[b))wastested.Theresultingrecove~factorandpressure
distributionsata free-stresmReynoldsnumberofabout3.5X105perinch
areshowninfigure5. Alsoshownforcomparismarethedistributions
obtainedfora leadingedgewitha“= internalbevel.anda O.ml-inch
thickness.
A comparisonftheresultshowsthatthetransitionpetitisdis-
placeddownstreamboutO.3inchastheinternalbevelangleis increased
from+ to 30°. Downstreamdisplacementsofalmostequalmagaitudeoc-
curredthroughouttherangeofunitReynoldsnuuiber.Apparentlytheti-
creasedheattrmsferthroughthe300-beveledleaMngedgedoesnothave
a destabilizingeffectonthe~ boundarylsyer.Thetiternalbevel
anglemy be concludednottobe a importantparameterinsofarastran-
sitionisconcerned.
Theincreaseintherecovery-factorlevelforthe300-beveledlead-
ingedge(fig.5) isgeatestintheinitialaminaregion,wherethe
recoveryfactorchangesfranapproximately0.863to0.875.A much
smallerincreaseh theturbulentregionisdetectablealso.Thisti-
creaseisprobablytheresultofweaterheattransferfromtheinternal
totheexternalsurfaceoftheleading-edgew dgeinthecaseofthe
~eaterleading-edgeangle.
A comparisonfthepressuredistributionsobtainedwiththetwo
.
leading-edgeometriesshowsminorclifferencesup toabout18 tithes
fromtheleadingedge.Thereafter,a largeincreaseinpressureforthe
300-beveledleadtigedgetakesplace.Thepressurerise,itistrue,
begtisatthepointwheretheleading-edgeMachwavereflectsonthe
.— . . ..__—. . . . ...— — — —— —.. —— ---—
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model;butschlierenphotographsdonotindicateanycorrespondingdis-
turbances,nordoespastexperienceintestingthismodelgiveanyhint
astothesourceofthislargeticreaseinpressure.Thispressure
riseoccurredthroughouttheReynoldsnumberangeandhasnotbeen
accountedfor.
Externallybeveledleadingedge.- Therecovery-factorandpressure
distributionsforthe300-external-beveledlea ing’edgeata valueof
3.5X105perinchfor uJv= arealsoingludedinfigure5. Thislead- 2
ingedgegavetheneatestdownstreamdisplacementofthetransition a)m
petitthusfarnoted.Beneficialeffectsofan external-beveledad-
ingedgehavebeenobservedpreviouslytireferences4 and5 atMach
2.15to 3.25.Whethertheseeffectsareas greatasobservedinthe
presentexpertientscannotbe determinedfromthosereferences,ince
no dimensionsaregivenfortheleading-edgethiclmessoftheinternsl-
beveledmodelusedas a comparison.
Thepresenceofthreepeaksintherecovery-factordistributionfor
theexternalbevelmayraisesomedoubtastotheactualocationofthe
transitionpoint.I?umerousschlierenphotographstakensimultaneously
withthetemperaturedistributionsshowthetransitionpointto liebe-
tween11and13 tithes.Thefirstpeakatan x of 5.7inchesalso
appearsinfigures4(b)and(c)forthe0.043-tichleadtigedge.No
reasonforitsappearanceislmown.Theth5rdpeakata distanceof
22inchesbeginsitsriseatthepointwheretheleading-edgeshockis
reflectedbackonthemodel(x= 14 in.).
Thedistributionfpressurecoefficientsfortheexternal-beveled
model(fig.5) showsrelativelyconstantpressuxeto about14 inches
frmuthelead5ngedge.At thepointofhptigementofthestrongleading-
edgeshock-systemreflection,thepressurerisesrapidlyto a levelnear
thstobsenedwiththe30°-titernal-beveledlea ingedge.
Independentmethodfordel.aytigtransition.- In orderto determine
whetherthephysicalpresenceofleading-edgethicknesswasnecessaryto
delaytransition,orwhetheritwasmerelynecessaryto reproducethe
bluntleading-edgeshockcondition,thefolJ_ow5ngexpertintwasper-
formed. A detachednormal-shockwavewaspositionedattheinletof
thecylinderhavtiga O.~1-inchleadingedge.and50-internal-beveled
single.Thiswasdonebymanipulatingtheconicaltail.plugattheend
ofthemodel.Shockpositionsapproxhattigthoseobtainedwiththe
variousleadtig-edgethictiesseswereused.
Theresultshowedthattransitionwasagaindelayedaswiththe
bluntleadingedge.Thisdelaywasobse~edonlyatthelowestvalue h
of Umfimbecauseof certainmechanicaldifficultiesandlargeheat-
trans>er--effectsfromtheinternalsubsonicflowatthehigherReynolds
,,
r
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numbers.Theextentofthetransitiondelayas observedfromtempera-
turedistributionsandschlierenphotographswasverynearlyequalto
thedelayobtainedwiththeO.008-inchorthickerleadingedge.
Boundazy-layerprofiles.- Boundary-layerv locityprofileswere
measuredatthepositionofthefirststaticortiiceonthemodelfor
the0.0008-,0.~8-,and0.043-tichleadingedgesandthe30°internal-
andexternal-beveledadingedges.Plotsofthevariousprofiles~e
sho~minfigure6 intermsofthenormaldistancey anda dhension-
lessvelocitya where
.=*
Alsoticludedinfigure6 aretheoreticallsminarvelocityprofiles
computedaccordtigtoreferenceU_,assumingan isothe~ surfacewith
no heattransferfora free-streamMachnuder of3.1anda distanceof
2.45inchesfromthelea~g edge.ThiscurveislabeledI infigure6.
CurvesIIandIIIwill.be discussedh thefolJ_ow5ngsection.
A comparisonftheexperimentalpotitsandthetheoreticalcurves
forthesharpestleadingedgewithtiternalbevel(curve1)showsthat
thebestagreementisattatiedwiththe0.0008-inchleadingedgehaving
a 5° internalbevelexceptfora regionearthewallwherethereappear
tobe errorsintotal-pressuremeasurements.Theageementforthis
leadtigedgeisseento improveastheunitReynoldsnumberisreduced,
possiblybecauseoftheincreasingratiooftheboundary-layerthiclmess
totheprobesize.A fewdiscrepanciesinthemeasuredprofilesoccur-
ringclosetothewallareverylikelytheresultofprobe-wallinter-
ferenceorlowReynoldsntier effects.
Thenextbestagreementbetweenexper~ntandtheoryoccursfor
theO.001-inchleadingedgewitha 30°internalbevel.Theincreased
departurefromth~computedcurveforthelargerleading-edgeangle “
suggeststhepossibilityofa heat-transferffectcausedby therising
recoverytemperatureatthe3nsideoftheleadingedge.The-over-alJ
boundary-layerthictiess,however,isveryclosetothecomputedvalue
andtothatmeasuredforthesmalJerleadng-edgebevel.
Increasingthethiclmessoftheleadingedgeto0.008and0.043
Inchproducedlargerdeviationsfromthetheoreticalcurves,partic-
ularlywithregardtothevelocityata distancefromthewallcorre-
spondtigappraximatel.ytotheedgeofthetheoreticalboundarylayer.
Thisvelocitydecreaseislargeh goingfromthe0.0008-tothe0.C08-
inchleadingedgeandrathersmaldingoingfrom0.~8 to 0.043inch.
Thisobsemtiontiesh titha resultfoundeuliertht ‘ticreasesin
leading-edgethicknessbeyond0.008tichhadlittle ffectinproducing
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furtherdelaysb transition.Thefree-stresmllachnuuiberof3.1was
attainedata y of0.12tichforthe0.008-tichleadingedgeandat
a y ofO.6inchfortheO.043-inchleadingedges.
The30°-*a?nal-beveled-l=tig-edgeresultsfald.closerto curve
I thandoeitherofthebluntedlead- edges.Thevelocityatthepre-
dictedouteredgeoftheboundarylayer,however,fallsrathercloseto
thatforthe0.008-inchleadingedge.
Explanationftransitiondelayandothereffects.- Inproposing %
“ an explanationfortheeffectsofchangestileading-edgeometry,the com
followingobsemtionsareconsid=edof specialsignificance:
(1)Thedownstreamdisplac~t oftransitionforincreasesin
leading-edgethicknessandforexternalbevel
(2)Thedownstreamdisplacementoftmnsitioncausedby a curved
shockpositionedaheadofa sharpleadingedge
(3)ticreasestilamdnarandoccasionallyturbulentrecoveryfactor
withincreasesinlea~g-edgethickness
(4]Decreasingveloci@attheedgeof
.
laminarboundarylayerwith
increastigleadlag-edgethiclmessandwithexternal-beveled
leadingedge.
Theexistenceofa leading-edgeshock-prcducedshearlayeradjacent
tothemodelsurfacehasbeenproposedto explaintheprecedingobserva-
tions(ref.12). M& ntierprofilesinthisshock-prducedshearlayer
areshownonfigure7 forleading-edgethiclmessesof0.043inch(figs.
7(a)and(b))and0.008inch(figs.7(c)and[d)).Ofspecialsi@fi-
canceisthelowlkchnmber,lowReynoldsnumberportionofthesepro-
ffles,whichexistsnearthewall. Thisportionoftheshock-produced
pwfileswilJbe referredtohere=er asthelowReynoldsnumber
layer;definedb referen$e12asthestreamtubepass.hgbetweenthe
vertexandthesonicpointofthedetachedleading-edgeshockwave.For
a free%treamlfxhnumberof3.1,thethiclmessofthislowReynolds
nmiberlsyerisabout1.35timestheleadhg-edgethictiess.Them3ni-
nmmMachnuniberwith5nthelowReynoldsnunberlayeris2.32,andthe
unitReynoldsnuniberratio(u/v)lto (u/v)=is0.46.
Theboundary-lsyerthicknessiscaparedwiththeheightofthe
lowReynoldsnumberlayerinfigure7. Fortrulyinviscidflowthe
heightofthislayerwouldremainconstantalongthewalJ.Actually
theboundarylayerdisplacesthelowReynoldsnmber layeroutwardby
a distancequaltothedisplacanentthicknessoftheboundarylayer.
Theboundary-lsyerthiclmessis,therefore,comparedinfigure7 with
thedisplaced,aswellaswiththeinitial,heightofthelowReynolds
nuuiberlayer.
— ——
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Theboundary-hyerthickness(taken
putedby themethodofreference11 (for
i3
whereu/ul= 0.99)wascom-
theisothermalzeroheat-
&msfer case)usingan outer-edgeI&chnuriberof 2.32anda unitReyn-
oldsnumberratioof0.46.Apparently,fromfigures7(a)to (c),the
boundary~er developstistantiallywithtithelowReynoldsnumber
layerup.tothetransitionpoint.Fortheeasesho~min figure7(d),
whichistheO.008-tichleadingedgeatthelowestestvalueofthe
umitReynoldsnuuiber,a boundsxy-layerthicknessbasedonfree-stream
conditionsi alsoshown.Theactualbound--layerthicknessinthis
caseprobablyliesbetweenthetwodistributionsshown.Forbothdis-
tributions,nevertheless,theboundarylayergrowsthroughthelowReyn-
oldsnumberlayerbeforereachtigthetransitionpointindicatedby the
cross.Boundary-lsyerdevelopmentsattwointermediateunitReynolds
numbersfortheO.008-tichleadingedgealsowerefoundto emergefrom
thelowReynoldsnumberlayerbeforereachingtheobservedtramition ‘
petit.
IfthetransitionReynoldsnumberisassumedto remainunchanged
whentheleadingedgeisbluntedas inreference12,thenthetransition
pointforthoseMstanceswheretheboundarylayerdevelos enMrely
fwithinthelowReynoldsnumberlayershouldbe about2.2 1/0.46)times
asfardownstreamforthebluntedleadingedgeasforthesharp.The
observedtransition-locationratiosforthe0.008-andO.043-inchlead-
ingedgeswerebetween2.17and1.8forthethreehighestunit.Reynolds
m.mibers{figs.4(a)to (c))and1.5forthelowest(fig.4{d). For
thelowerunitReynoldsnumbers,however,thetransitionpointsapproach
andfinallyreachthepositionWherethereflectedleading-edgeshock
strikesthemodelsuxface.Thismayaccountfortheslightlysmaller
relativemovementoftransitioninthesecases.Thefactthatthe
boundarylsyertendsto growupthroughthelowReynoldsnumberlayer
astheunitReynoldsnumberisreducedmayalsopartlyaccountforthe
lowertransition-petit-locationratio.
Theconceptofimerstigtheentirelaminarboundarylayerwith3n
thelowReynoldsnuuiberlayer,however,maybe unnecessaryforthefol-
lowtngreasons:(1}TheunitReynoldsnuniberincreasesslowlybeyond
thelowReynoldsnuniberportionoftheshock-producedshearlayer,and
(2)theportionoftheboundarylayersensitivetothestabilizingin-
fluenceofthelowReynoldsnuniberlayermaybe rela.tivelycloseto
thesurfaceorneartheleadingedge.TheideaofthelowReynolds
numberLayer,nevertheless,explainsinsubstancetheobservedown-
streamovementoftransition.
A portionofthedecreasesintransitionReynoldsnuuiberwithre-
ductionsinunitReynoldsnumber(foranygivenleading-edgethictiess)
reportedinreferences1, 2,and8 canalsobe explainedonthebasis
ofa lowReynoldsnumberlayeratthesurface.Thus,a comparisonf
figures7(c)and(d)showsthatwhenthe1~ boundarylayeremerges
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fromthelowReynoldsnuniberlayerrelativelyneartotheleadingedge
(lowunitReynoldsnuriber)thetransitionReynoldsnuniberwillbe com-
parativelylow,andviceversa.
Onlytransitiondelaysproducedby simplebluntingoftheleading
edgehavebeendiscussedherein.Forthecaseoftheexternalbevel,
wheretheReynoldsnuniberchangeacrosstheobliqueshockwouldbe con- Um
siderabfilessthanforthebluntededge,considerablymoredownstream E
movementoftransitionwasobserved.A tableshowingthecoqmted~ch
numberandReynoldsnumberattheedgeoftheboundarylayerandthe
experimentallyobservedratiooftransition--pointlocationsforthree
leading-edgeometriesata unitReynoldsnuuiberof3.5105perinch
follow:
Leadingedge
Sharp,no external.bevel
Sharp,30°externalbevel
Blunt,no externalbevel
Fortheex%ernalbevel,therefore,
Mach
mmber~
%
3.1
2.69
2.32
Unit
Reynolds
number
ratio,
(u/v)1
(+) w
1.0
.65
.46
Transition.
location
ratio,
“(+=
f%)l
1.00
.42
.50
largergainsintransitionlocation
thanpossibleby simpleleading-edgeblunt~gwereobserved,notwith-
standingthesmallerReynoldsnumberreductionacrossthelead3ng-edge
shock. Thissuggeststhatappreciablygreatergainsresultingfrom
hprovedleading-edgeflowconditionsortheestablishmentofpressure
gradientsconduciveto stablelsm3narflowmaybe possibleby careful
designoftheleadingedge.
Onefactorignoredinthepreviousexplanationforthetransition
delaysisthefavonbleeffectofthereducedboundary-byerouter-edge
Machntier ontheminimumcriticalReynoldsnumberforstability.(For
thepresenteststhiseffectwouldapproximatelytripletheminimum
criticalReynoldsnuniberforthebluntedleadingedgeanddoubleit
fortheexternalbevel,M itwereapplicablefibothcases.Thises-
t~te isbasedonvaluesobta3nedfromfig.11ofref.13)usingthe
Machnumberslistedintheprecedingtable.)Ifitmaybe assumedthat
an ticreaseh themirdmumcriticalReynoldsnumber esultsina tran-
sitiondelay,thentheassumptionthatthetransitiondelayisentirely
.
—
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duetotheReynoldsnumber eductionwithinthe
shearlayermayrequiresomemodification.
WhilethesimpleReynoldsnuniberreduction
shock-tiduced
15
inviscid
explanationsuffices
formostofthedatapresentedinthisreport,m exceptionoccursfor
theexternal-beveledading-edgemodelforwhicha transitiondelay
greaterthm predictedwasobsened.Forthiscase,itmaybe argued
thatthedisturbanceintroducedintotheboundarylayerby theexternal-
beveledleadingedgewassmallccmparedwiththatproducedby theblunted
leadingedges;.andthestabilitytheoryofreference13,whichisbased
onsmalldisturbances,hencecouldapplyonlytotheexternal-beveled
leadingedge.Suchanapproachagainsuggeststhatimportantgainsin
transitiondelaymaybe realizedby a carefulshapingoftheleading
edge,nottomentionreductioninleatig-edgewavedrag.
Inthepreviousdiscussionfboundary-lsyerprofileshowninfig-
ure6,decreasesinouter-edgev locitywerefoundto occurforthe
bluntedleadingedgeandfortheexternalbevel.Thesevelocitydecre-
mentscanbe directlyrelatedtothetotal-pressurelossesassociated
withthebluntedleadingedgesortheoblique-shockformationdueto
thee.xbernalbevel.Hence,inordertomakea.validcomparisonbetween
experimental.ndtheoreticalboundary-lsyerprofiles,apparentlythe
theoreticalprofilesmustbebasedontheconditionsattheboundsry-
lsyerouteredgeratherthanonthefree-streamcondition(theselatter
conditionswereusedh computingcurveI infig.6.] Sincenomethod
isavailableforcomputingthelandnarboundarylayerdevelopingthrough
a shearlayer,onlythecaseofboundary-layerdevelopmentintherel-
ativelyconstatvelocityregionearthewall(asshowninfig.7]will
be considered.Thisrestrictstheproblemoreorlesstothe0.008-,
0.043-inch,ortheexternal-beveledadingedge.
Laminar-boundary-layerprofiles,withtheconditionsgivenfithe
previoustableassumedtoprevailattheouteredge,werecomputed.
Sticeno howledgeoftheactual.static-pressureg adientsnearthe
leadingedgewasavailable,theboundarylayerswerecomputedfromthe
theoryofreference11assundnga zeropressuxevariationalongthe
surface.Theprofilesareplottedinfigure6 andarelabeledIIand
IIIforthebluntedandexternal-beveledmtlngedges,respectively.
Becausethedistancefromthelea~g edgetothebounda~-layersurvey
stationwasshortenedfrom2.45to 2.0Mchesasthebluntnesswas3n-
creasedfrom0.0008to 0.043inch,curveIIrepresentsheboundary-
layerprofileata distanceof 2.0tithesandcurvesI andIII,2.45
inchesfromtheleadingedge.
Theagreementbetweenthefree-streamMachnumberandthatpre-
dictedfromthetotal-pressurelossesacrosstheleading-edgeshock
wasverygood,thussubstantiatingtheshock-producedshear-layerve-
locitychangepredictedinreference12. However,theexperimental
—.
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potitsforthesharpleadingedgesgeneraXlylieabovethecomputed
curve,thediscrepancybeinglargestforthehighunitReynoldsnumbers
(thinboundarylayers)andvanishingforthelowest(thickboundary
layers). Consideringthesimplificationsmadeincalculattigthebound-
arylayerwithintheshearlayer,theagreementbetweentheexperhental
andconqmtedprofilesappearsreasonable.
Valuesofthelmdnarrecoveryfactorbasedonconditionsatthe
edgeoftheboundarylayerratherthanfree-streamconditionsmaybe
computedforthe0.043-inchandtheexternal-beveledadingedges.
Forthe0.043-inchleadingedgewitha measuredfree-stresmrecovery
factorof0.885atan x of2 inches[fig.4),thenewrecoveryfactor
basedon conditionsattheedgeoftheboundarylayer(M= 2.32,
(+lJ(ufi )== 0.46)isfoundtobe 0.851.Fortheexternal-beveled
leadingedgewitha measuredrecoveryfactorof0.868,thenewrecovery
factor(basedontheconditionsM= 2.69,(U/V)l/(U/V)m= 0.65}iS
againfoundtobe 0.851.Thus,therecoveryfactorneartheleading
edgehastheproperlandnarvaluewhenbasedonconditionsattheedge
oftheboundarylayer.No allowancehasbeenmadeinthiscomputation
forheattransferfromtheexternalto theinternalsurfaceforthe
external-beveledadingedge. .
RoughnessElementsinLaminarBoundaryLsyer
h viewoftheprecedingresults,a brieftest~S conductedto
determinewhateffectheleading-edgethiclmesswouldhaveonthe
roughnessrequiredto causethetransitionfromLam5nartoturbulent
flow.Resultsthattidicatetheeffectivenessofseveralsinglerough-
nesselementstipromotingtransitionatMach3.1aregivenh refer-
ence8. Theseresultswereobtainedona cylindricalmodelverysimi-
lartotheonedescribedinthepresentreport,buthavinga leading
edgeof0.006-incht ickness.Thepresentresultswereobtainedusing
a O.~1-inchleadingedge;thesewillbe comparedwiththereferenced
resultsh orderto determinehowtheleading-edgethicknessaffects
artificiallytiducedtransition.
A singleroughnesselementmadeofa wirewitha 0.052-tichdiam-
eterwas placedat oneofthreepositiom~1.25)2.50~or5.00~ches
fromtheleadingedge.Transitionlocations(desigmtedxt)weremeas-
uredfromtheleadingedgeusingthesamepeak-temperaturec iterionas
h reference8. Thesedataarepresentedh figure8 as aplotoftran-
sitionpositionaga-t unitReynoldsnuiber,withandwithoutroughness.
Thegeneralbehmioroftransitionwl%hsingle-roughnesslements
maybesummarizedfrcanfigure8. Reductionsh unitReynoldsnumber
causetransitiontomovedownstreammch as itwouldwithoutanyrough-
nesspresentuntilitreachestheroughnesselement.Fuxthereductions
fi %/% showa tendencyfortransitionto remainattheelementand
———
—
NACATN 3659 17
0!
co
m
Isl
to depsrtfromitonlyafterratherlargereductionshavetakenplace.
Transitionthenproceedsdownstreamt an increasingrateas ~/v_ is
reducedstillfurther.Transitionmsyalsobe displaced~streamor
downstreamby movingtheroughnesselementh likemanner,provided,of
course,thattransitionisalwaysdownstreamoftheelement.
Althoughthedatafortheelementata distanceXk of5 inches
showtransitiontobe somewhatdownstreamofthezero-roughnesstransi-
tionpositionforvaluesof uJ$m > 4X105,intheanalysiswhichfol-
lowstransitionwillbe assumedto occuratthezero-roughnesspo ition
forthesevalues.Thereasonthisassumptionwasmadefollowsfroma
certainaaibiguitybetweenthetemperaturep akcausedby transitionand
thatcausedby theroughnesselement.(Afurtherdiscussionofthis
petitappearsonp. 12 ofref.8.)
A correlationftheroughnessdatais iveninfigure9 h terms
ofthetransitionReynoldsnuniberratioRe& ~,. ~d theroughness
parsmeterk/~. Thesep&meters aredevelopedinreference14to
correlatelow-speedroughuessresultsandareusedinreference8 to
correlateroughnessdataat&ch 3.1. Alsoincludedforcomparisonare
curvesfromreference8 forthesamesizeroughnesselementatthesame
positiononthemodel,butfora 0.006-tichleadingedge.Thecorrela-
tioncurveforthelow-speeddataofreference14 isshownattheleft.
b applyingtheroughnesscorrelationf reference14,it M nec-
essarytodeterndnewhethertheleading-edgephenomenanotedinthepre-
vioussectionaffecthecalculationfthevariousparsmeterstivolved.
Sinceboththenumeratoranddenom5na.torintheparameterR~/R~,o
arealwayschosenforthesameleadingedge,anydistinctionbetweena
thickandthtileadhgedgeisnotnecessary.
Thesamereasoningdoesnotapply,however,ifthechangeinReyn-
oldsnunibercausedby theroughnesselementmustbe considered.Thus,
iftheunitReynoldsnuuiberbehindtheelementisreduced.bytheshock
offtheelement(analogoustothereductionscausedby a cuxvedleaiiing-
edgeshock),thena reductionintheparsmeter Re@et,o willresult.
Sucha reductionwouldalsoservetobringthesupersonicroughness
correlationfreference8 andthepresentreporttitobetteragreauent
tiththesubsonicorrelation.Inviewofthequestionablenatureof
sucha calculation,however,the
consideredinfigure9.
Fortheparameterk/5& it
~ ata reducedMachnumberand
edgeisblunted.Inthepresent
roughness-elementshockhasnotbeen
wilJ.generallybe necessaryto calculate
unitReynoldsnumberiftheleading
instance,thechangein ~, assuming
.__. _____ ..—— -..—————
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thereduced&ch nuriberandunitReynoldsnumber.givenpreviously,is
appraimatelya l-percentincreaseover ~ calculatedforthefree
stresm.Thisdifferencehasbeenneglectedinrepresentingtheresults
obtainedfromreference8 infigure9 ofthepresentreport.
Becauseofthedifferenceb tweenthetrendsoftheresultsforthe
0.001-andO.006-inchleadingedgesinfigure9,itisdttficulttomake
a comparison.Ifan envelopelineisdrawnthroughtheleftextremity
ofthedatafortheO.ml-inchleadingedgeandanother,similarly,for %
the0.006-imchedge,thesemaybe consideredlinesalongwhichtherough- CD
nesselementshadtheirmaxhwn meffect“onreducingthetransitionReyn-
oldsnumberratio.Usingtheseltiesasa basisofcomparison,figure
9 showsthata roughness-parameterinc easeofabout1.4timesisre-
quiredwhentheleading-edgethicknessis increasedfrom0.001to0.006
tich. Comparedwiththelow-speedcurveofreference15,theroughness
requirementsforthe0.001-and
areoverfourandS5Xtimesthe
Whena detafledcomparison
and0.~6-inchleadingedgesat
drawnh theforqercomparisons
0.006-tichleadingedgesatMach3.1
low-speedvalues,respectively.
ismadebetweenthedatafortheO.OO1-
a givenvalueof Xk,theconclusions
arenotalwaystrue. Infact,thereare
situationswherethethinleadingedgeshowsgreaterstabilitywith
respectotheroughnessthantheblunted.T&k occurswhentransition
isfairlyclosebehindtheelement.Whentransitionisfardownstream
oftheelement,theblunted-leading-edgemod lexhibitsthegreater
stability,asmentionedinthepreviouspa?xqgaph.
Surface-HeatConditionEffects
An smilyticalmethodisgivenh reference2 forcalculattigthe
effectofsurface-heatconduction thetemperaturedistributions
measuredatthesurfaceofa flatplatetisulatedononeside.The
resultsobtainedwiththismethodwerecompsxedwiththeexperimental
temperaturedistributionbtainedonthestaibless-steelcy indrical
shelltestedtireference2. Thecomparisonshowedthata smallbut
si@ficantportionofthetemperatureiseinthelaminar-boundaqy-
layerregionwascausedby heatconductionalongthemodelsurface
fromthehigh-temperaturet ansitionregion.b orderto tivestigate
furthertherelativeimportanceofsurface-heat-conductioneffects,two
additionaltestshavebeenmadeustigsurfacematerialshavingmuch
smallerandmuchgreaterconductivitiesthanthestaimless-steelshell.
Conductioneffectsarefunctionsnotonlyofthesurfaceconductiv-
ity ks,butdependalsoonthesurfacethiclmesst,thelocal-heat-
transfercoefficienth, andthedistancefromtheleadingedge ~
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thattheflowcsmbe consideredlsminar.Thesequantitiescanbe sum-
marizedby theconductionparameterK,where
K
(Thisparameterisderivedinref.2,whereit iswrittenindifferent
butequivalentterms.) Theheat-transfercoefficienth isdefinedby
equation(52),referenceU.,assumingthesurface-temperaturedistribu-
tiontobe expressibleintermsofa simplepowerrelation
Valuesofthermalconductivity,shellthickness,and K forthemodels
testedaretabulatedbelow:
Modelshellmaterial
Fiberglasplastic
laminate
18-8Stainlesssteel
Purecopper
Conductivity.IIShell Conduction13tu/(hr)(ft){OF)thickness,parameter,in. K
-0.1 0.09 1820to 4260
9.4 .032 50.7to103.2
223 .03 1.68to 5.22
Conductionparametersarethusseentorangefromabout30ttiessmaJJer
to 30times-largerthanthatofthestainl~ss-steelshellreportedin
reference2.
Typicalrecovery-factordistributionsobtainedforthethreecyl-
indermodelsare-presentedinfigure10fora unitReynoldsnuriberof
about3.5X105perinch.A comparisonfthedistributionsforthe
Fiberglas-plasticandstainless-steelmodelsshowsanupstreamdis-
placementofthetransitionpetit(temperaturepeak)ofabout1/2inch.
Thisdisplacementoccursdespitethefactthattheleadingedgeofthe
Fiberglas-plasticmodelismorebluntand,hence,U verylikelycaused
by theincreasedsurfaceroughnessnotedearlierforthismodel.The
coppersurfaceontheotherhand,hasa moregradualtapraturevaria-
tion,indicatinga deftiitesmoothingoutofthetemperatureprofLLeas
a resultofthelargesurfaceconduction.Temperaturep aksbecsme
smallerandaredisplaceddownstreamslightlywithticreasedconduction.
Thisdisplacementisbelievedtobe causedby an increasingcmduction
. ..—. —.. .. . — . . . ...— .—. — .-— —. —.-—
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ratherthananactualshiftintransitionpoint.Ihstrumentationdif-
ficultiesprobablyareresponsiblefortheover-allrecove~-factord op
onthecoppermodel,buttheydonotinany~ affecthelocationof
transition.
A calculationfthetheoreticalsurface-temperaturedistribution
e agatist~ usingthemethodgiveninreference2 ispresentedin
figure11,togetherwiththeexper-tal distributions.Thevsriables
e and ~ aredefinedas
Ex=—
‘f
whereTw isthevariablesmfacetemperature,Tti istheadiabatic
surfacetempemture,and
‘f isthefinalvalueofthemeasuredsurface
temperatureatthedownstreamextremityofthelaminarun. Theterm
~ isthevalueof x atwhich~ occurs.Theconductionparameters
&ich werepreviouslytabulatedareindicatedinfigureIl.. .
A comparisonftheexper-tal andtheoreticaltemperaturedis-
tributionsfortheFiberglasplasticsleeve(fig.Ii(a))revealslarge
discrepancies.Notonlyaretheexperimentaldistributionsmoregradual,
butthetrendforticreasingK isreversedfromtheory.Theresults
forthesta3mless-steelmodel(fig.U_(b)alsofig.8 ofref.2)showa
smallerdiscrepancybetweenexperimentandtheory;however,thediffer-
encebetweenthestainless-steelandFiberglasplasticexperimentaldis-
tributionsareinsignificant.Lastly,theresultsforthecomer sleeve
(fig.U.(c))showconsiderablybetterageementthanforthesteel,and
thedistributionsfollowh theproperorderforincreasingK.
Theseresultshowthatwhenconductioneffectsarelarge,surface
temperaturewillbeprimarilydeterminedby conductiona donlysecond-~
srilyby convectioni thelsmlnarboundarylayer;andwhenconduction
issmall,theconvectioneffectswiJlpredondnateovertheconduction.
Hence,H theactualheat-transferrateisnotthelaminar-flat-plate
valueassumedh thecomputations,butissomewhatmodifiedby theim-
pendingtransitiontoturbulentflow,thena largererrorintheresult-
tigtemperaturedistributionwildoccurwhentheconductivityislow
ratherthanwhenitishigh.Theseobservationssuggesthatthe
schlierenphotographsandthepresentemperature-measurementtechnique
donotdeftiea regioninwhichthe~ boundarylayerbehaves
accordhgtotheory,evenfora zeropressure@adient.
.
.
.
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Thetemperaturedistributiona dtransitionpositionfora given
leadhg-edgeconfigurationhas,untilnow,beenassumedtobe a function
oftheunitReynoldsnumber atherthanofthepresstieortemperature
ofthestrea. Thecorrectnessofthisassumptionhasbeeninvesti~ted
inthisreportforthecaseofthesharpest-letig-edgemodelhavinga
5°internalbevelby raisingthetunneltotal.temperaturefromabout52°
to 176°F andmakingsuitableincreasesintotal.pressuxetomaintain
constantvaluesofunitReynoldsnumber.
Recovery-factordistributionsobtainedata unitReynoldsnumber
of3.5x105perinchfortotalteruperaturesof52°and176°F areshown
infigure12. Thesecurves how-closea~eementastothepositionof
thetransitionpointbutdiffersomewhatintheabsolutevalueofthe
laminarandturbulentrecoveryfactors.Thecloseagreementregarding
transitionpositionwasalsonotedat othervaluesofunitReynoldsnum-
ber,andshowsthatthisn@er isthemoresignificantparametercon-
troJMngtransitionlocation,ratherthanstreamtemperatureorpressure.
Thedifferencesinthelandnarandturbulentrecovery-factorlevels
atthesetwotemperaturescanbe accountedforinpartby considertig
Prandtlnumbervariationsresultingfromtheclifferencesinsurfacetem-
peratures.Themeasuredandcomputedvaluesoftherecoveryfactorbased
onthePrandtlnumberevaluatedatthewallarelistedinthefold.otig
table.
==4=
Tw,% 1.16
52
0.860
6
0.719
0.848
176
0.883
128
0.702
0.889
52
0.888
13.5
o.7sl
O 893
Computedvaluesforthelsminarad turbulentrecoveryfactorsarebased
onthesquarerootandcuberootPrandtlnuuiberapproximation,
respectively.
Althoughthemeasuredtrendinrecoveryfactorisapparentlypre-
scribedby thewalltemperaturel vel~, theexactvalueof ~isti
error.Thedifferenceb tweenthemeasuredandcomputedvaluesaretwo
tothreetimeslargerforthelandnarthenfortheturbulentrecovery
—.-.—e .— .— ——. . - ——— —————— -—--. —— —-- —. ——— ———
22
factors.Radtitionfromthe”tunneland
thehide totheoutsideofthenmdel,
effects.
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CONCLUDING REMARKS
Thelargeobsemeddownstreammovementof
responsibleforthese
transitionwhenthesharp
leadingedgeofa ho12.0w,cyltidricalmodelisslightlybluntedhasbeen
associatedwiththeformationofa shock-prmlucedshearlayeradjacent
tothemmielm.rrface.Ordiuaril.y,thelayerisformedby thelarge
total-pressurelossesoccurringinthestronglycurvedportionofthe
detachedshockresulttigfranthebluntedleadingedge.Thesepressure
lossescausetheunitReynoldsnmiberandMachnumberintheregionear
thewald.tobe substantiallylessthantheirfree-streamval.ues.It is
fithisregionthattheboundarylayerdevelops.h additiontothe
directevidenceoftransitiondelaycausedbybluntingtheleadfngedge,
thefollow3ngobsemtionstendto confirmthisproposedexplanation:
(1)Thedelaytitransitionwhena curvedshockwasplacedahead
ofa sharpleadingedge
(Z)Theticreasesh free-stresmlam3narecove~factorwithin-
creasingleading-edgebluntnesswhichwere’reducedto a common
valuebasedonlocalconditions
(3)Thelowmeasuredvelocityneartheouteredgeofthelsminar
boundary&yer
Iargerdelaysintransitionthanproducedby bluntingwereobtainedon
an external-beveledadhgedge,probablyastheresultof improved
flowconditionsattheleadingedge.
A s~ltiiedcomparisonftheeffectofroughnessontrsnsiticm
withandwithoutlea&ing-edgeblunttigcanbemadeifonly”thedata
yieldingthemaxhmmeffectofroughnessontransitionareconsidered.
b thiscase,ticreastigtheleading-edgethicknesshasa favorable
effectontheabilityofa landnarboundarylayertowithstanddisturb-
ancessuchaa single-rou@nesselements.b termsoftheroughness
Parameter(elementheight o displacementthictiessk/6& 1.4times
theroughnessisrequiredtoproducea givenchangeh thetransition
Reynoldsnumberratiofora 0.~6-inchleadingedgethsnfora O.OO1-
inchedge.A moredetafledeiaminationoftheresultsrevealsexcep-
tionstothesegenemlconclusionswhichh somecasesactuallyreverse
thesetrends.
:co
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Inthec~arisonofthecoppermodelwiththestainless-steel
model,increasingtheeffectiveconductivity30timesproducedvery
significantchangesintheobsenedtemperaturedistribution;decreas-
ingit30timesproducedalmostimperceptiblechanges.
Thedependenceoftransitia-pointlocationontheReynoldsnuniber
ofthestream,ratherthanonthepressureortempemturexclusively,
wasestablishedby varyingtheinletpressureandtemperature
independently.
w
g
G&Vd2REMARIG
Basedontheprecedingconclusionsand
courseofthesetests,itissuggestedthat
observationstie inthe
(1) A conicalbodywouldbe a moreideal.testshapethana cylinder.
Theuseofa conewouldelhi.nateirregularityiesinthetemperaturedis-
tributionsdueto internalflowconditionsandwouldalleviateleading-
edgefabricationa dmeasuringdifficulties.Testsona conicaIbody
furthermorewouldserveto checktheextensionoftheanalysisofMoeckel
to three-dhensionalbodies.
(2)A more&ensive investigationofvariousotherleading-edge
shapeshouldbe undertakento geta betterinsightintothemechanisms
~volvedandto determinewhatlimitsinoptimizingtransitiondelay
arepossible.
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